Abstract
INTRODUCTION
Multi Hop Wireless Network has already emerged and continues to be a topic of hot research pursuit. An ad-hoc network is established with multiple mobile nodes, coming in range of each other and exchanging data without an access point. The ability of participating nodes to move around gives rise to Mobile Ad hoc Networks (MANETs). Such networks are very useful for
In this paper, we concentrate on the physical layer techniques used for energy-efficient communication in an attempt to illustrate the enhanced performance of Ad-hoc networks with directional antenna. Analysis to link the significant design parameters of directional antenna to wireless link performance is of practical significance to appreciate the system design considerations of ad-hoc networks. Through simple and elegant mathematical formulation, relative improvement of the performance metrics of ad-hoc network is analyzed when high gain directional antenna is replaced with conventional low gain omni directional antenna. Resource utilization particularly that of electric power of battery and the associated energy is of paramount importance since it has significant say in the outage condition of a wireless link or network. Through a case study involving the specifications of a typical transceiver operating in the 2.4GHz band, the desirable impact of higher gain of a directional antenna in the reduction of RF transmitter power is illustrated. This in turn results in the reduced consumption of battery power, while still retaining the specified performance parameters of the ad-hoc network such as range and Received Signal Strength (RSS). Although, directional antenna offers potentially many desirable performance improvement attributes, it is also associated with additional constraint or requirement of precise or accurate alignment of the directive or main beam of the Transmitter and Receiver. The mismatch of angular alignment of the Transmitter and Receiver results in Beam Pointing Angle (BPA) error, which leads to the degradation in the range. If one desires to regain the desirable ideal network performance despite the presence of BPA error, it would call for additional RF Transmitter power ultimately culminating in the consumption of extra power of the battery that support the RF operation. This paper also facilitates the quantification of additional RF power in lieu of BPA error in ad-hoc network.
Development or Modification of a protocol with concurrent focus on multipath routing with optimization of the battery energy is a significant step to increase the life time of MANETs without recharging. Selection of the energy efficient path amongst several alternative ones is of paramount significance in the evaluation of overall performance of MANET system. The desired protocol development is an optimization exercise involving multidisciplinary aspects of Antenna Engineering, Microwave Link Budget to treat intermediate wireless links, Algorithms to determine the most efficient path for reliable connectivity between the source and destination nodes, comprehensive relation between the RF power and the pertinent Battery Power of the transmit nodes involving conventional electrical power engineering basics as well as the choice and optimization of route metrics to arrive at decision logic for the path selection. Figure 1 depicts a comprehensive System View of energy efficient multipath MANET routing protocol. Antenna or microwave link budget includes the concept of gain, link data, battery energy, range, RF power, RSS which are interrelated with each other. A perfect combination of them will help in conserve energy while routing. From the system design perspective, this paper addresses basically two broad system entities namely antenna and its relevance to energy efficiency considerations in MANET.
COMPREHENSIVE SYSTEM VIEW OF MANET

DIRECTIONAL ANTENNA IN MOBILE AD HOC NETWORKS (MANETS)
A representative generic MANET with three mobile nodes is shown in Figure 2 with the dotted circles, implying the communication range of each node. Each of the nodes is assumed to be design configured with a RF transceiver as their network interface. If Node A wishes to communicate with Node C and if Node C is not in communication range of Node A, Node B will serve as an intermediate node resulting in 2 hop communication.
Figure 2. Multi Hop Communication in MANET
A transceiver of a MANET is configured with an antenna which will serve as its RF front end to establish a wireless communication link with its intermediate (participating) nodes. Basically, the antenna can be of two types namely omnidirectional and directional. Figure 3 shows the difference between radiation patterns of directional and omnidirectional antenna. It can be seen that the radiation pattern of omnidirectional antenna exhibits uniform angular distribution while the radiation pattern of directional antenna is concentrated in the preferred angle (direction) of communication. In Figure 3 , S and D denote the source and destination nodes respectively. As illustrated in Figure 3 , the communication range exhibited by directional antenna will be higher than an omnidirectional antenna. In view of this, it is implicit that the transceivers of nodes in Figure 2 are associated with omnidirectional antennas. In the past, omnidirectional antennas did find extensive applicability in MANET system design. With the rapid advancement of antenna technology conjunctured with miniaturization in size and its proven system utility in subscriber end of cellular communication, increasingly one finds rapid progression of directional antenna in ad-hoc networks/MANETs. The characterization of directional antenna to realize performance improvements in ad-hoc networks/MANETs wherein mobility is a key factor causing potentially dynamic and vast variations in communication range, constitutes the core theme of this paper. 
Energy Saving Techniques at Routing Layer in MANETs
Energy efficient routing protocols can be mainly categorised into two types. One category selects the path that has maximum total energy, while the other category of protocols selects the paths with nodes having residual energy greater than energy required to transfer data.
The protocols that select the path with maximum energy ensure that when a packet is transmitted from source to destination, there is enough energy available for the exchange of data. While the other category of protocols which selects the path with nodes having residual energy greater than energy required to transfer data and ensures that each node has enough energy on the selected path. However, if the path selected does not minimize the energy needed to transmit a packet from its source to its destination, the network lifetime may not be maximized. Therefore, the usage of directional antenna helps in reducing the number of hops to conserve the battery energy and in turn helps in maximizing the network lifetime.
RELATED WORK ON DIRECTIONAL ANTENNA AND MULTIPATH ROUTING IN MANETS
Most of the papers available in literature propose MAC layer or network layer protocols for adhoc networks, using directional antenna. Su Yi et.al [1] provide a good insight on the improvement in capacity of wireless network with the usage of directional antenna. This paper also provides results for throughput improvement with combination of omnidirectional and directional antennas in Transmit (Source) and Receive (Destination) nodes. In [2] Ram Ramnathan provides a good insight on beamforming antennas, and their use in ad-hoc networks. This paper also provides a rough comparison of relative lesser interference potential with: only beamforming, only power control and when both beamforming and power control are used together. The research in [3, 4, 5] suggests the use of directional antennas for increasing the throughput and enhancing the performance of wireless networks. However, the above cited research papers do not address a detailed formulation to link the relative improvement in Received Signal Strength (RSS), range and reduction in transmit power when high gain or moderate gain directional antenna replaces the conventional low gain omnidirectional antenna in a MANET system. This paper illustrates the potential of directional antenna to ensure the performance improvement of the communication link relative to omnidirectional antenna. Further, with the directional antennas establishing the link, it is all the more necessary to ensure that the direction of beam (peak gain) of the antenna of the transmit node is aligned with the direction of peak gain of the antenna of the receive node. In case of mismatch in antenna beam pointing angle between the two communicating nodes, there shall be a consequent degradation in the performance of communication link. This paper provides a quantitative analysis of the degradation in performance of the communication link in the presence of misalignment (angular error) between the beam pointing angles of transmit and receive nodes. An estimate of the required increase in the transmit power of the link to avoid the performance degradation and to maintain link quality as with ideal zero beam pointing error case is also provided.
The initial design and evaluation of two techniques for routing improvement using directional antennas in mobile ad hoc networks are discussed in [6] . In the first step directional antenna is used to transmit selected packets over a longer distance. Relatively more number of packets is transmitted over a shorter distance. The adaptive combination of two is called as bridging permanent network partitions. In a subsequent step, network without permanent partitions, directional antenna is used to repair routes in use, by using the capability of directional antenna to transmit packets over longer distance. In [7] the authors have proposed an energy-efficient, distributed, scalable and localized multipath search algorithm to discover multiple node-disjoint paths between the sink and source nodes for wireless sensor networks. A reactive source routing protocol referred to as Multipath Directional Antenna ad-hoc Routing (MDAR) is proposed in [8] . A distinctive feature of MDAR is that the routing table records multiple choices of routes to each destination, so that when one route encounters busy channel, an alternative route can be selected immediately.
ANALYSIS AND RELATIVE COMPARISON OF LINK PERFORMANCE WITH DIRECTIONAL AND OMNIDIRECTIONAL ANTENNAS
From the joint perspectives of antenna engineering and its relevance to system performance of the links established through participating nodes, the communication range, RSS, Transmitter power to maintain the link performance and resource utilisation particularly with respect to Battery power emerge as more critical parameters. This section provides extensive analysis of the enhancement of the parameters listed above with the use of directional antenna when compared to that of omnidirectional antenna.
Improvement in Range due to Gain of Directional Antenna
Friis transmission formula is used in wireless communication to calculate the power received by the antenna at the receiver section under idealized conditions. Friis transmission formula is defined through
Where, P t , P r ,G t ,G r ,R and λ represent Transmit Power, Receiver Power, Transmit antenna gain, Receive antenna gain, Range and Wavelength respectively. Then we have,
The increase in the communication range due to directional antenna can be related to the term directional gain ratio , where
In Equation (3), involves G DA and G omni where, and RSS=-93dBm to be the same in both cases of directional as well as omnidirectional antennas with the link operating at 2.4 GHz. The profile of increased gain variation exhibits much sharper feature than an exponential function.
Improvement in Received Signal Strength (RSS) due to Directional Antenna
If the parameter P r in Equation 1 is considered as RSS omni , with G Tomni and G Romni as omnidirectional antenna gain, then we have,
The improvement in the RSS with the use of directional antenna can be written as,
The effective RSS at the receiver of the link with the directional antennas replacing the omnidirectional antennas is
Figure 4(b) depicts the variation of realizable improved RSS effective as a function of the directional gain ratio. Apart from linear nature of variation, the result depicted in Figure 4 (b) also reveals that for a dB increase in gain ratio, the corresponding improvement in RSS effective is 2dBm.
In this section, we show the reduction in required transmission power with the use of directional antenna, when compared to that required for omnidirectional antenna. Based on the Friis Transmission formula given by Equation 1, we have,
The reduction in the Transmitter power ∆P T because of higher gain of directional antenna can be expressed as
The definition of Gain Ratio remains the same as in earlier sections. The actual transmit power required by the directional antenna to retain the range and RSS omni of the omnidirectional antenna is given by 
Multidimensional Versatility of Directional Antenna
Figure. 5(b) summarizes the highlights the advantages of using directional antenna. In Figure. 5(b), ∆BE Save denotes the reduction in the energy of battery with the directional antenna to retain or maintain the link performance as in the case of omnidirectional antenna.
With increased communication range (R), the number of hops required for data exchange in an ad-hoc network can be reduced thus reducing the end-to-end latency. Higher RSS increases the signal quality at the receiver, thus providing enhancement in Quality of Service (QoS). With the reduction in transmitter power, the battery energy consumed at each node decreases, thus providing longer battery life, which further increases the network lifetime. Power control also reduces interference among neighboring nodes thus increasing the efficiency of the network.
Estimation of Battery Energy for Given Data Transmission
Research publications [9, 10, 11, 12] address the issue of need and challenges in the realization of energy efficient ad-hoc/MANET. However, a formulation or a detailed formulation with clearly illustrated steps to compute the battery energy required for a specified data transmission seems to have not been addressed in the literature even though this is very significant from system design perspective. This section summarizes the detailed steps through which one could compute the required battery energy and the formulation shall take into account the data pertaining to the power efficiency of the associated transceiver design as well as the specified link performance parameters.
From the classical relationship between Power, Energy and Time, one can draw analogy to relate the requirement of Battery Power (P Bat ) and Battery Energy (BE Data ) for transmission of given data.
Where T ON = Transmitter ON Time.
Figure 6. Requirement of Battery Energy for Data Transmission
T ON is dependent on the size of data, data rate as well as channel condition between the Transmit and Receive ends of the link. At an instant of time for data transmission, the following inequality should be satisfied.
BE Residual >BE Data ----------------(10)
Where, BE Residual denotes the available Battery Energy at that instant for operation. Many research publications dwell with energy efficient routing protocols in ad-hoc/MANET. However, it is difficult to find a formulation to estimate or compute BE Data that has a generic or empirical appeal and which facilitates a better appreciation from system design considerations. In this section, a generic procedure is outlined to systematically compute the BE Data . As illustrated in Figure 6 , the Battery Energy is dependent on communication range (R), RF power of transmitter, gain of the transmitting as well as receiving antennas, the expected or threshold RSS at the receive node and wavelength.
For a specified range, RSS, Gain of Transmit and Receive antennas and wavelength, the RF Transmit Power can be computed using equation (11):
The relationship between P T and Battery Power P Bat is very specific to the RF design of the Transceiver module of the ad-hoc/MANETs as well as the type of battery used in it. However, the data sheet of RF transceiver usually provides the relationship between P T and P Bat in tabular form. Either a look up table or an algebraic expression deduced from the tabulated data is required to estimate the P Bat for a specific PT determined through Equation (11) . Such recourse of computing the Battery Power P Bat shall further facilitate built in provision for computation of Battery Energy BE Data through Equation (9) . Figure 7 illustrates the least square curve fitting equation obtained to relate the RF Power P T and Battery Power P Bat for a typical RF transceiver widely used in 2.4 GHz band. Satisfactory correlation between the results of derived functional relation and the reference data is noticed in Figure 7 . 
Effect of Beam Pointing Angle Error of Directional Antenna on Network Performance
In order to retain all the network performance enhancements highlighted thus for, one has to also address the importance of alignment of direction of peak gain of the transmitting beam of the source node with the corresponding receiving beam of the destination node. Misalignment of the beam peaks of the source and destination nodes result in a parameter defined as a Beam Pointing Angle (BPA) Error or Beam Pointing Error (BPE) as shown in Figure. 8. In many of the aperture antennas with moderate gain, the shape of the radiation pattern up to -10 dB points is assumed to follow functional distribution The value of the constant 'p' can be derived with the plot of the radiation pattern at say -3 dB or -10 dB points relative to the beam maximum angle. This procedure has been adopted to analyse the effect of BPA or BPE on the link performance metrics such as range and the RF power requirement as well as Battery Power. The degradation in the range performance as a function of BPA is shown in Figure 9 (a). As expected, the degradation becomes more pronounced with increase in BPA. If one desires to regain the ideal link performance despite the presence of BPA or BPE, it can be realized only at the expense of increased RF transmit power. This in turn would result in additional consumption of battery power resulting in reduced operational time of the link. Figure 9 (b) explains the undesirable influence of BPA on the link transmitter power and which in turn has a negative effect on the required battery power to sustain the link performance.
Energy Efficient Multi Path Routing Protocol
The Energy Efficient Protocol proposed in this paper lists all possible paths from source to the destination with no repetition and avoiding loop formation in path computation. Once the multiple paths are computed, next step is to decide which among them is the best from energy efficiency consideration. To arrive at that decision, the protocol ranks each path based on Hop count, battery energy required to send the data and residue of residual energy of each path. From among all the multiple paths, the path with highest weightage which corresponds to the most energy efficient is selected.
Hop Count Minimization
Once the most energy efficient path is chosen based on Decision Weights, further optimization of the number of hops is the next step. Ideal requirement is that the data transfer be accomplished with a single hop irrespective of the distance between the source and the destination nodes. However, the power handling capacity of node, gain of the antenna associated , desired RSS at the Receiver and Wavelength determine the maximum communication range that is realizable and is calculated using the formula …………. (12) For G TDir =G RDir = 5 dB, P Tdir = 5 mW, RSS Dir = -93 dBm and λ =0.125 m, the maximum range is max Dir=3141.87 m. The disadvantage of selected optimized path when the size of the network is large is that the distance between nodes is also very large. It is also associated with a relatively higher number of hop counts which in turn may not ensure error free communication.
To overcome this, Proposed Protocol has a feature of hop count minimization using maximum range of directional antenna. Using directional max distance as a parameter, the protocol searches the possible minimum number of hops required to cover the already chosen energy efficient multipath.
From Figure 10 , it can be seen that initial path selected by the protocol has 9 hops between yjr source node 11 and destination node 24. Using directional max range that is 3141.87m, the distance between source and the destination nodes is considered to check whether it is less than directional 'max Dir', so that possibility of one hop communication can be ascertained. But in the scenario under consideration, the distance between the source-destination nodes is 3824.3 m which is greater than directional max range implying the non-feasibility of one hop communication ( Figure 10 ). If one hop communication between source and destination nodes is not possible, then .the distance between source node 11 and the node 22 which is next closest node to the destination node and also furthest from the source node next only to the destination node is checked. The range between the source node 11 and the node 22 is 3259.6 m which is still higher than the directional max range. Recursively, the next node from the destination end that is farthest to the source node is chosen and the range between these is checked. As shown in Figure 11 , distance between source 11 and node 21 is verified and its value of 3000 m is less than directional max range. This means that node 21 is within one hop communication range of directional antenna of source 11. So all the nodes in the chosen energy efficient multipath between source node 11 and node 21 are skipped and the final hop count optimized path is of 3 hops and this is elucidated from Figure 11 . In the chosen scenario, the number of hops of the selected path without refined hop count optimization is 9 which has been reduced to 3 hops which ensures error free and energy efficient communication when compared to communication through selected path. 
Energy Conserved Using Directional Antenna Hop Count Minimization
Hop count minimization feature of the proposed protocol is very useful when the network size is large. From Table 1 , it is seen that energy utilized by selected multiple path with 9 hops is 94.83 Joules where as the energy used by hop count optimized path with 3 hops is 36.72 Joules. In these computations, the data size of 5 MB and data rate of 40 kbps have bee assumed. Hence the energy save is 58.11 Joules which amounts to 62.11%. Thus the stated principal theme of development and demonstration of energy efficient multi path routing protocol using directional antenna for MANET featured with reduction of number of hop counts potentially assures not only energy saving but also an error free communication. Figure 13 shows the error free data transmission from the source node 11 to destination node 24 using the refined final path following the hop count minimization feature of the proposed protocol. Table 1 but also an error free transmission, Figure 12 is a typical depiction of relatively larger size of network of 25 nodes. Throughput is an important performance metric of any wireless network. As can be seen from the results of Figure 14 , the total number of 79 Kilo Bytes transmitted by the sender node 11 has been received by the first intermediary nodes 21. Subsequently the transmission of it by node 21 has been received by the second intermediary node 22 also and ultimately culminating in the reception of all the 79 Kilobytes by the destination node 24. Figure 14 amply demonstrates the effectiveness of the energy efficient multipath routing protocol using directional antenna proposed in this paper.
Performance Analysis
A. Results of Packet Delivery Ratio Results of Scenario with 25 nodes
2 Analysis of Throughput
Performance Analysis of End to End Delay
A. Scenario with 25 Nodes (9 Hops)
The delay (elapsed time between the transmission and reception at the successive nodes) strongly depends on the distance between the transmit and receive nodes. The time elapsed between the communication starting with the transmission at the source node and the reception at the destination node is the algebraic summation of the delays caused at each hop along the selected multi path. The Figure 15 displays the amount of time elapsed between the transmit and reception processes at the successive nodes along the selected path comprising 9 hops. The end to end delay encountered by the individual hops varies from a minimum of 5 ms to a maximum of 8.6 ms. Jitter is also one of the parameters to be considered in the performance evaluation of a Wireless Communication system such as MANET. It is defined as variation in time between the packets arriving at the destination. The variation can be attributed to one or more of the followings; Network Congestion, end to end to delay or changes in the route. 
CONCLUSION
The paper proposes the development of an energy efficient multipath routing protocol with directional antenna for MANET as an optimization task as well as a multidisciplinary entity encompassing Antenna Engineering, Microwave Link Budget to treat intermediate wireless links, Algorithms to determine the most efficient path for reliable connectivity between the source and destination nodes, comprehensive relation between the RF power and the pertinent Battery Power of the transmit nodes involving conventional electrical power engineering basics as well as choice and optimization of Route metrics to arrive at decision logic for the path selection. This paper presents a comprehensive analysis to link all the multi-disciplinary view points involved in the development of desired multipath routing protocol with requisite technical details. Through the implementation of RF power control, the paper emphasizes and elucidates the importance of Directional antenna in MANET to conserve battery energy and still retaining all other desirable system performance attributes.
Through numerical simulations, the multi-dimensional desirable performance attributes of wireless link such as improved range, improved RSS, reduced RF transmit power and consequent reduced consumption of battery power have been analyzed. Majority of the formulations on Antennas presented in this paper stem from the Friis transmission formula which is well known for its simplicity, importance and empirical nature, that is essential for the design of wireless link Undesirable effect of Beam Pointing Angle error of directional antenna leading to degraded range performance has been illustrated through a typical case study Simulations confirm that significant improvement in energy saving is a reality if the:Range (distance) between the source and the destination nodes is well beyond the maximum directional range of the network operating with its rated peak RF power and Directional Gain is couple of dB higher than Omni Gain. Simulation results on range enhancement with directional antenna reveal that the profile of increased range with variation in antenna gain exhibits an exponential behaviour and can be very effective in the reduction of number of hops Results also confirm that a node with directional antenna requires considerably much lower RF power than that required with an omni directional antenna to retain the same link performance and this in turn leads to smaller battery requirement resulting in energy saving Through typical case studies, the simulation results amply confirm the significant improvement in the life time of the network by using directional antennas.
Simulation results of the implemented multipath Routing protocol associated with built in hop count reduction feature reveal energy saving of 62.11 % for a typical MANET scenario of 25 nodes,5 MB data and data rate of 40 Kbps. From a system perspective, performance of the proposed routing technique can be justified as Highly Energy Efficient Multipath Routing Protocol for MANETs. Contributions that can be derived out of this paper will be of potential utility to address the realistic design challenges and issues pertaining to wireless network in general and energy efficient MANETs in particular. Emphasis on requisite analysis and details on multi-disciplinary aspects of Antennas, Power Computations, algorithm for multi-path determination and Pre Processor to access simulator is a first step in a frame work for development of Network system simulator.
